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Introduction 16
In 1887, Galippe reported that soil-derived microbes could reside within the above-ground tissues of healthy plants. At the time, this work was underappreciated, perhaps because of the 18 long-prevailing attitude that microbial assemblages solely comprised deleterious pathogens non-randomly distributed across the fungal phylogeny. Intriguingly, they also reported a 161 generally higher degree of bioactivity in taxa sourced from cloud forests compared to lowland 162 tropical forests-thus providing a biogeographic road-map for natural product discovery in 163 tropical forests that demonstrates an important role of both biome and host phylogeny (also 164 see Schulz et al. 2002) . 165 The first step towards a working knowledge of endophyte distributions across spatial 166 scales is the description of broad patterns in their biodiversity. To understand the scope of 167 relevant research, we scoured the literature and extracted basic metadata from 596 studies 168 characterizing endophyte assemblages. Our goal was to synthesize the meta-data from rep-169 resentative studies, with the hopes of highlighting particular portions of the plant phylogeny 170 and specific biomes that need further exploration and to determine how information could 171 be shared among studies. Additionally, we paired our survey with a vote counting proce-172 dure where we compared patterns of endophyte richness among tissue types. The synthesis 173 process illustrated the challenges of pooling information among studies and, consequently, 174 we offer specific guidelines for data sharing and research reproducibility moving forward. 175 For our purposes in this article, we did not consider obligate pathogens, epiphytes, or my-176 corrhizae; nor did we include a review of the large body of literature examining Rhizobia 177 and their associations with legumes, as others have already done so (e.g., Peter et al. 1996 ;
Box 1. What, exactly, is an endophyte?
The term 'endophyte' is believed to have originated with de Bary (1866) , who so dubbed pathogenic, plant-inhabiting microbes, because of their habitat (also see Link 1809) . Since then, the term endophyte has been expanded to invoke both a habitat and a non-pathogenic lifestyle (at least in some hosts and life history stages), and encompasses fungal (Rodriguez et al. 2009; Petrini 1991) , bacterial (Griffin and Carson 2015; Ryan et al. 2008) , and archael taxa (Moissl-Eichinger et al. 2018; Müller et al. 2015) . The term endophyte can be used sensu lato to refer to those taxa that live inside of plant tissues, either inside of or between host cells. However, in our experience, contemporary microbial ecologists most often use the term sensu stricto to refer to those taxa which over some portion of their life history, do not cause obvious harm to their hosts, such as inducing a hypersensitive response (Wilson 1995; Petrini 1991; Stone et al. 2000) . The lack of precision in this definition is somewhat unsatisfying, but does hint at the complex life histories of many endophytic taxa (Rodriguez et al. 2009 ). Indeed, for perhaps the majority of endophytic taxa, individuals are horizontally transmitted among hosts and, consequently, may exist outside of the plant corpus for some time, for instance as spores or endospores, free living cells or colonies, or as epiphytic fruiting bodies on decaying tissue (Malloch and Blackwell 1992; Rodriguez et al. 2009 ). The term endophyte is particularly strained by the mycorrhizal fungi, which possess a mycelium that grows externally to the host but that also penetrates the root epidermis (Schulz and Boyle 2006; Jumpponen 2001) . The categorization of these fungi as endophytes seems to be on an author-by-author basis (Schulz and Boyle 2006) . These examples illustrate how the term endophyte is useful for communication, but not biologically well-delineated.
180

Methods
181
We searched Google Scholar and Web of Science for the term "endophyte" in conjunction 182 with "fungal", "bacterial", "diversity", or "community". All publications in which the au-183 thors characterized endophyte assemblage biodiversity were collated. As we were primarily 184 interested in studies characterizing endophyte biodiversity, we did not consider research in-185 volving manipulative experiments where no survey of microbial diversity was conducted. 186 We also made the choice to omit studies that did not distinguish between epiphytes and 187 endophytes through performing some form of surface sterilization. Searches were performed 188 periodically from 2016-2018 and additional studies added to our database as we became 189 aware of them until the beginning of 2019. We apologize to those authors whose work we 190 missed and to those who have published their work in non-English language journals, which 191 typically did not appear in our searches and were inaccessible to us because of our linguistic 192 backgrounds.
193
From each study, we collected information on host organism(s) studied, research loca-194 tion(s), tissue type(s) surveyed, and various metadata describing the nature of the survey 195 conducted-for instance, if the endophyte assemblage was characterized via sequencing or 243 studies: 182 studies of fungal endophytes and 61 studies of bacterial endophytes. After ranking tissues by relative richness separately for each study, we calculated, across studies, 240 the proportion of times one tissue type had higher richness than another tissue (e.g., for 241 what proportion of studies did leaves have higher richness than roots) and calculated the 242 probabilities of these proportions using a binomial sign test (Cooper and Hedges 1993) . This 243 test is simply the probability of observing a particular number, or more, of positive outcomes 244 (in our case, one tissue type having higher richness than another) given a certain number 245 of trials and assuming equal probability of positive and negative outcomes. For this vote 246 counting approach, we focused on richness because fewer studies reported diversity metrics 247 and, when not explicitly reported by authors, relative richness was simpler to calculate and 248 extract from published summary tables and figures than were diversity entropies. To test 249 how growth habit influenced relative microbial richness among tissues, we conducted vote 250 counting separately for studies of hosts with the following growth habits: woody-stemmed 251 trees and shrubs, forbs, and graminoids.
252
Results
253
Our survey highlighted the breadth of the endophyte biodiversity literature, as we extracted 254 data from 596 unique publications. We report that interest in endophyte diversity is on the 255 rise, with a sharp increase in studies per year since 2010 ( Fig. 1) . Fungi have received com-256 paratively more attention than bacteria, though this disparity is diminishing ( Figs. 1 & 2e ).
257
The majority of studies were of foliar endophytes (1694 unique combinations of study and 258 host species), followed by root (577 combinations) and stem (540 combinations) endophytes. The geographical range encompassed by the studies we considered was global; endophytes, 263 both fungal and bacterial, have been recovered from hosts across all major biomes ( Fig. 3 ).
264
Temperate mixed coniferous and deciduous forests were the best studied, with 98 studies 265 (16% of total). However, the most unique combinations of host and study were reported from 266 tropical and subtropical wet forests (471, 21% of total). This was due to several studies that 267 surveyed many hosts within these forests (e.g. were quite understudied. For instance, 50 or fewer studies (in terms of unique host by study 271 combinations) were conducted in seven of the seventeen biomes that we considered (Fig. 2b) . 272 Together, studies from these biomes composed only 7% of those surveyed.
273
Across biomes, we found comparatively few studies of hosts growing in obvious wilderness, 274 far from human development. Indeed, 33% of studies relied on hosts grown in cultivated 275 environments, including urban locations, agricultural landscapes, and greenhouses (with 276 university campuses being particularly well sampled). This estimate may be conservative 277 as for some studies the exact collection location was difficult to determine and so we did 278 not include them in the "cultivated" category, but sampling was likely not far from human development.
280
Much of the host phylogeny remains unsampled
The studies we surveyed encompassed 1702 unique taxa from 254 plant families. Poaceae 281 was by far the most well-studied family (189 hosts studied), followed by Fabaceae (98 hosts),
282
Pinaceae (82 hosts), and Asteraceae (79 hosts; Fig. 4 ). In the studies we examined, fungal en- 
291
Replication and reproducibility could be improved
We also characterized details for each study regarding sampling scheme and reproducibil-292 ity (Fig. 2de ). We found that just over half of studies were spatially replicated (sampling 293 areas were separated by at least a km) and fewer than a quarter of studies were temporally 294 replicated. The majority of studies (~74%) relied on culturing, however only about a third 295 of these studies reported accessioning cultures ( Fig. 2e ). By comparison, 72% of studies 296 that relied on sequence data provided clear instructions for downloading raw data, though 297 only 23% of these studies provided processed data (such as an OTU table) . Surprisingly, 298 fewer than 20% of studies mentioned accessioning host vouchers. For cultivated plants, we 299 considered a description of the cultivar as equivalent to an accessioned voucher.
300
The effects of tissue type on endophyte richness and diversity
We performed vote counting to compare the relative richness and diversity of fungal en-301 dophyte assemblages in varying tissue types across plant taxa. We resorted to vote-counting 302 because data were insufficient for a robust meta-analysis (see Supplemental Methods and 303 Results). We found that relative tissue richness was dependent upon host growth habit. For 304 instance, stems had richer fungal endophyte assemblages than leaves for woody-stemmed 305 hosts, but this pattern was not observed for either forbs or graminoids (Table S1 ). By com-306 parison, for graminoids, roots had richer fungal and bacterial endophyte assemblages than 307 stems (Table S3 ). For forbs, no tissue type was clearly richer, on average, than other tis-308 sues (Table S2 ). Additionally, for fungal endophytes, we found that reproductive structures, 309 including flowers and propagules, were relatively species poor, while bark was species rich 310 (Table S1 & S2), though these results are quite tentative given the few studies that compared 311 endophyte assemblages in these tissues to those in other portions of the plant corpus.
312
Discussion
313
We report that endophyte biodiversity has been studied within all major biomes and conti-314 nents (even Antarctica, if one counts King George Island; Fig. 3 ; Rosa et al. 2009 ). Given 315 that widespread interest in endophytes did not occur until the 1970s, progress has been 316 rapid. However, great swathes of the globe still remain unsurveyed. Certain biomes have 317 been particularly understudied-either due to their high biodiversity, which makes thorough 318 sampling exceptionally difficult (i.e., tropical rainforests); large geographical area (e.g., the Figure 2 : Summary of 596 publications characterizing endophyte biodiversity. Because many studies surveyed multiple hosts, we report both number of studies and number of unique host by study combinations. We counted the number of studies surveying each plant compartment (a), biome (b), and host life history category (c; values in parentheses are unique hosts). We also extracted information pertaining to study design and reproducibility (d). Finally, we determined the endophytic taxon characterized and the methodology employed (e). Figure 3 : Locations of studies considered. An interactive, zoomable version of this map can be found at: https://jharrisonecoevo.github.io/EndophyteMap/.
Black points represent studies of cultivated crops and managed landscapes, purple points represent studies of uncultivated plants in unmanaged settings. Biomes are color coded and delineated in accordance with Olson et al. (2001) . In some cases, multiple, proximal locations were surveyed and a single point was used to graphically represent these locations. If a study did not provide exact location information then study location was approximated. 
Supplementary Material
Meta-analysis methods and results
We attempted to perform a meta-analysis to examine relative richness of endophytes among plant tissue types. For this analysis, we omitted those studies that did not standardize observational effort among tissues by either mass or sample count (i.e., the number of samples from each tissue type). We also only considered studies that provided a table describing the counts of each microbial taxon observed within each sample (e.g., an operational taxonomic unit [OTU] table), because these data were required to calculate diversity and richness indices. Out of the 558 studies that examined multiple tissues, nine met these criteria for fungi. For bacteria, only a single study met these criteria, precluding a formal meta-analysis, thus for this taxon we only performed vote counting. We rarefied each OTU table by the minimum number of observations for a sample within that study and calculated richness and exponentiated Shannon's diversity for each sample. Calculations were performed using the vegan R package v2.5-5 (Oksanen et al. 2016) . A random effects model was used to estimate differences in richness and diversity between tissue types while accounting for among-study variation. Models were implemented using the metafor v2.1-0 (Viechtbauer 2010) R package using a restricted maximum likelihood estimation approach.
Across all hosts considered via meta-analysis, we found no significantly supported differences among tissue types in richness or Shannon's diversity (Figs. S1 & S2). the table provides the number of times the tissue type on that row (the focal tissue) had higher richness than the tissue type in that column (the comparison tissue) followed by the number of studies reviewed for each comparison in parentheses. Significance was determined using a binomial sign test. For results from herbaceous plants see Table S2 , for results from graminoids see Table S3 Comparison tissue (Fungi) Leaf
Root Stem Propagule Flower Bark Leaf > -4 (7) 10 (43)*** 3 (4) 2 (3) 0 (4) Root > 3 (7) -1 (7) 0 (2) 1 (2) 0 (1) Stem > 33 (43)*** 6 (7) -
Leaf Root Stem Leaf > -2 (7) 3 (8) Root > 5 (7) -4 (6) Focal tissue Stem > 5 (8) 1 (6) -***p<0.01, **p<0.05, *p<0.1 Table S2 : Differences among host tissues in fungal (top panel) and bacterial (bottom panel) endophyte richness in herbaceous plants. Each cell in the table provides the number of times the tissue type on that row (the focal tissue) had higher richness than the tissue type in that column (the comparison tissue) followed by the number of studies reviewed for each comparison in parentheses. Significance was determined using a binomial sign test. For results from woody plants see Table S1 , for results from graminoids see Table S3 Comparison tissue (Fungi) Leaf Root Stem Propagule Leaf > -9 (22) 11 (21) 4 (5) Root > 9 (21) -10 (18) 4 (5) Stem > 8 (21) 6 (18) -3 (4) Focal tissue
Propagule > 1 (5) 1 (5) 1 (4) -Comparison tissue (Bacteria) Leaf Root Stem Leaf > -1 (6) 1 (5) Root > 5 (6) -6 (8) Focal tissue Stem > 4 (5) 1 (8)* -***p<0.01, **p<0.05, *p<0.1 Table S3 : Differences among host tissues in fungal (top panel) and bacterial (bottom panel) endophyte richness in graminoids. Each cell in the table provides the number of times the tissue type on that row (the focal tissue) had higher richness than the tissue type in that column (the comparison tissue) followed by the number of studies reviewed for each comparison in parentheses. Significance was determined using a binomial sign test. For results from woody plants see Table S1 , for results from forbs see Table S2 Comparison tissue (Fungi) Leaf Root Stem Leaf > -2 (6) 2 (4) Root > 4 (6) -9 (11)** Focal tissue Stem > 2 (4) 2 (11)** -Comparison tissue (Bacteria) Leaf Root Stem Leaf > -1 (6) 1 (6) Root > 5 (6) -9 (9)*** Focal tissue Stem > 4 (6) 0 (9)*** -***p<0.01, **p<0.05, *p<0.1
